Decision Support System for Agrotechnology Transfer (DSSAT) and Agricultural Production Systems SIMulator (APSIM) were calibrated and evaluated to simulate sorghum (Sorghum Bicolor L. Moench) var. Tegemeo under current and future climate in central Tanzania. Simulations for both current and future periods were run assuming present technology, current varieties and current agronomy packages to investigate rain-fed sorghum yield response. Simulations by both crop models using downscaled weather data from eight General Circulation Models ( show that current open-pollinated sorghum cultivars would be resilient to projected changes in climate by 2050s but things seem better with long duration cultivars. We conclude that crop simulation models show their applicability as tools for assessing possible impacts of climate change on sorghum due to agreement in the direction of crop yield predictions in five out of eight selected GCMs under projected climate scenarios. The findings provide useful guidance and motivation to government authorities and development agencies dealing with food security issues to prioritize adaptations policies geared to ensuring increased and sustained sorghum productivity * Corresponding author.
Introduction
Sorghum is one of the grain crops grown under predominantly rain-fed conditions but it is the main staple for the food insecure people in Eastern and Central Africa (ECA), and accounts for 41% of the region's grain production [1] . Despite the development and release of improved high yielding sorghum varieties with short growth cycles favorable for the semi-arid areas including central Tanzania [2] , weather and climate remain key factors in sorghum productivity. Indeed, there is compelling evidence that climate variability and change will affect crop yields, though significant uncertainty surrounds the prediction of cereal yields under projected changes in climate especially for dry-land/rain-fed regions [3] . Production of rain-fed grain crops is projected to be negatively affected through projected higher and more variable temperatures, changes in rainfall patterns and increased occurrences of extreme events such as droughts and floods [4] . Attaining objectives of increasing and sustaining future grain yield requires a good understanding of the response of crops and a reliable crop yield prediction under different projected climate scenarios. Although existing crop simulation models are not capable of capturing and quantifying the effects of weather extremes, they are still appropriate tools in the quest to understand the climate change impacts on crops and in devising plausible crop adaptation strategies [5] [6] .
Agricultural Production Systems SIMulator (APSIM) [7] [8] and Decision Support Systems for Agrotechnology Transfer (DSSAT) [9] [10] are crop simulation models widely used at present. APSIM is a modular modeling framework developed in Australia. It runs at a daily time step and simulates crop growth and development, yield, soil water and nitrogen dynamics either for single crop or crop rotations in response to climatic and management changes. According to Keating [8] APSIM has been tested in a diverse range of systems and environments, including model performance in long-term cropping systems. Similarly, DSSAT is operated on a daily time step and takes into account the effects of cultivar, crop management, weather, soil moisture and nutrition. Jones [9] reviewed the intensive testing and wide application of DSSAT model over 15 years. In a recent study, Wang [11] demonstrate the applicability of CERES-Maize model embedded in DSSAT to assess the vulnerability to climate change, analyze the potential adaptation options both in crop management and cultivar changes in maize in China.
Several studies demonstrate the importance of combining general circulation models (GCMs), emissions scenarios, and crop simulation models to explore the possible range of climate change impacts on cereal crops in the semi-arid tropics with and without adaptation e.g. [12] - [14] . However, all these studies indicate strong contrasting conclusions regarding yield variability, some projecting crop yield increase, some showing decrease while others show no change from baseline. The underlying uncertainty in projections seem to limit the scope of confidence in identifying potential adaptation options for smallholder farmers who have been living with illfates of the negative impacts from the vagaries of weather, and in most cases ignoring the existence of potential positive impacts such as those resulting from increased rainfall.
Assessment of the likely impacts of climate variability and future change in climate on agriculture in Tanzania indicated that some of the previous highly productive areas such as the southern and northern highlands will be affected by declining rainfall, frequent droughts and significant increase in spatial and temporal variability of rainfall [15] . In an earlier study, Mwandosya [16] indicated that maize average yield in Tanzania is expected to decrease by 33% under 2 × CO 2 (doubling of greenhouse gases) scenario by end of century, which is expected to increase temperature to between 2.5˚C and 4˚C. These results point to the fact that crop production is predicted to decline substantially for maize, the main staple crop for the country, but also that we should be wary of possible negative implications for the drought tolerant crops such as sorghum and millet. In their modelling study, IFPRI [17] indicate that at sub-Saharan scale overall sorghum and millet yields are projected to be slightly higher under climate change, probably given their higher tolerance to higher temperatures and drought stress. However, the projections by IFPRI are based on the assumption that all cereals including sorghum and millets which follow the C4 pathway would behave similar to the generic maize variety (Garst 8808). For more reliable simulation results some studies contend that crop models used to study impacts and adaptation options, should imperatively use locally available cultivars in models rather than generic cultivars [18] . This is particularly true for crops such as sorghum, millet, upland rice and tropical legumes where diverse, usually photoperiod-sensitive cultivars are grown.
Because there is scanty information in Tanzania regarding the yield projections of existing improved sorghum cultivars towards new climatic futures, the present study strives to fill this gap. It examines the effect of medium term climate variability and the change on sorghum production in central Tanzania and identifies the adaptation options using simulation modelling. The first objective was to calibrate and evaluate Agricultural Production Systems SIMulator (APSIM) and Decision Support System for Agrotechnology Transfer (DSSAT) crop simulation models. The second objective was to simulate the impacts of future climate change scenarios on sorghum productivity. The third objective was to evaluate one adaptation option namely cultivar selection, improved versus local.
Materials and Methods

Description of the Study Area
Field experiment was conducted at Hombolo agricultural research institute (ARI) in Dodoma, central region of Tanzania. The site is located about 58 km North-East of Dodoma Municipality at 05˚45'S latitude, 35˚57'E longitude. The average annual rainfall is 589 mm but the distribution is highly variable with high intensities. The site is located in the zone which is one of the most sensitive to climate variability and change, but it account for three-quarters of Tanzania's 500,000 to 800,000 tons of annual sorghum harvest. The average annual temperature is 22.7˚C. Summary of temperature and rainfall records during the growing season are shown in Table 1 .
Cultivar
Cultivar Tegemeo which is an open pollinated variety was chosen due to existence of data from previous experiments. Moreover, it is stable and widely used in Tanzania by several small-scale farmers since its release in 1978 [19] . Therefore, simulating the effects of climate variability and change on the cultivar would provide insights into possible impact of climate change on sorghum yield in the future.
Models Description and Parameterization
CERES (Crop-Environment-Resource-Synthesis)-sorghum module [20] within the DSSAT version 4.5 and APSIM were used in the present study. APSIM (version 7.4) modules used were Sorghum, SoilWat (soil water balance) and MANURE. Crop development is controlled by temperature (thermal degree days) and photoperiod. For both models, thermal time accumulations were derived using algorithm described in [21] using observed phenology and weather data, a base temperature of 8˚C and an optimal temperature of 30˚C. Daily weather data during the growing season were obtained from observations at an agro-met station, which is about 500 m from the experimental plots. These include minimum and maximum temperatures, rainfall and sunshine hours which in turn are used to estimate solar radiation. 
Field Experiment for Model Calibration
Data from an experiment carried out between Jan-May 2013 at Hombolo Agricultural Research Station were used to parameterize the models. Planting was done on 4th January 2013 with a spacing of 75 × 30 cm and arranged in a randomized complete block design (RCBD). In order to provide near-optimum conditions, Diammonium phosphate (DAP) fertilizer was applied during planting to supply 40 kg/ N per ha, and four to five seeds were sown. Another round of N fertilization was done by applying 40 Kg N/ha as urea seven weeks after planting. Supplemental irrigation was done and other standard agronomic practices were followed. Phenological data including date of flowering, date for start of grain filling and date of physiological maturity were collected. These were noted when 50% of plant population per plot attained each of these stages. Start of grain filling was determined by observing the presence of milky substance in grain at the base of the panicles. Physiological maturity is attained when dark layer forms at the point of attachment of the grain to the panicle. At final harvest, total above-ground biomass and yield were determined. Grain yield was determined by harvesting panicles from an area 9 m 2 and grains separated from it. Sub-samples with known weight were dried at 70˚C to a constant weight. Dried weight of sub-samples are used to determine dry weight from the harvested area and then expressed as t•ha −1 . Above-ground biomass at maturity was harvested by cutting plants just above the surface of the ground and fresh weight noted. Sub-samples with known fresh weight were taken for each replicate and dried to a constant weight at 70˚C. Above-ground biomass per hectare was then determined as in the case of grain yield. Models calibration was done by iteratively adjusting the parameters to obtain as close as possible the simulated and observed values of phenology (i.e. anthesis and maturity dates) and grain and biomass yields as described by [10] .
Soils at the site are mainly sandy and loamy of low fertility and seasonally waterlogged or flooded clays. They are classified as ferralic Cambisols in the FAO classification. Soil-related modules were parameterized mainly with measured data from experiments carried out under optimal growth conditions, and from related literature. Disturbed and undisturbed soil samples which were taken in soil profiles (0 -15, 15 -30, 30 -45, 45 -60, 60 -75 and 75 -105 cm) prior to sowing were analyzed for organic carbon (OC %), pH, and particle size distribution as described in [22] . Input data related to soil characteristics include soil texture, number of layers in soil profile, soil layer depth, pH of soil for each depth, clay, silt and sand contents, organic matter, cation exchange capacity, etc. The soil profile data used in the parameterization of the models is presented in Table 2 .
Field Experiment for Model Evaluation
In order to evaluate both crop models to simulate sorghum, data from a previous experiment namely "tillage cum fertilizer application" [23] with variety Tegemeo were used. The experiment was conducted at the same location i.e. Hombolo Agricultural Research Station under rainfed conditions with several treatments. The treatment which gave high sorghum grain yields was purposely selected to include in the model evaluations i.e. Farm Yard Manure application at 10 t/ha plus mulch and Triple Superphosphate applied at 100 kg/ha and Nitrogen fertilizer applied at 40 kg-N/ha. The study collected data on phenology, biomass and grain yields pertaining to the selected treatment. The calibrated model was evaluated by comparing observed values for grain yield and total above-ground biomass with those from model simulations. Model performance was assessed through root 
where Ŷ, Y and Ȳ are respectively, the simulated, observed and mean of the observed values and n is the number of observations. For good agreement between model simulations and observations, d-statistic should approach unity.
Impact Assessment Methodology
A simple delta method was used to create climate change scenarios for mid-century 
Testing Adaptation Option
Using calibrated models and parameters, one treatment was evaluated in order to identify its feasibility as an adaptation option. Mimicking late-maturing local cultivars was undertaken by creating hypothetical cultivars. This was made possible through adjusting the genetic coefficients of "Tegemeo" in such a way that they would prolong the vegetative period under climate change conditions. According to [28] genetic coefficients can be modified for long term simulation to incorporate the advancements expected in the breeding program.
Results and Discussion
Model Calibration and Performance
Results of model calibrations and the derived parameters are presented in Table 3 and Table 4 for DSSAT and APSIM, respectively. As shown in Table 5 , simulated days to anthesis, days to physiological maturity and grain yield closely matched with their observed values. Statistical indicators of model performance are shown in Table 6 . As shown in Table 6 , root mean square error (RMSE) values are low, since they compare the agreement of simulated versus observed values, thus the lower the values of RMSE the better the model in explaining most of the variations in the dataset. Moreover, data indicate that the simulated grain yield values reasonably matched observed values, owing to the agreement index (d-statistic) of 0.5 for both models. However, the variation in biomass simulations constitute some error level as indicated by very low values of d-statistic in both models. The dstatistic values close to 1 are regarded as better simulations and according to these statistical indicators, APSIM especially seems to over predict biomass. Varshneya [29] indicate CERES-sorghum model's ability to accu- 
P1
Thermal time from seedling emergence to the end of the juvenile phase (expressed in degree days above a base temperature of 8˚C) during which the plant is not responsive to changes in photoperiod. 430
P2O
Critical photoperiod or the longest day length (in hours) at which development occurs at a maximum rate. At values higher than P20, the rate of development is reduced. 12.50 P2R Extent to which phasic development leading to panicle initiation (expressed in degree days) is delayed for each hour increase in photoperiod above P20. rately predict phenology and biomass yields under normal sowing conditions, populations, and with adequate moisture under rainfed conditions in India. But they noted that biomass varied significantly under conditions of water stress and kernel weight was underestimated due to the model's inability to account for changes in panicle size under receding soil moisture conditions. Moreover, [30] showed that the model simulated improper tillering response to changes in plant density, thus some variations in biomass as observed in the present study are likely.
Historical and Future Climatic Trends
Analyses of annual and seasonal maximum and minimum temperatures and rainfall at Hombolo station by mid-century as compared to baseline period are shown in Figure 1 . All GCMs indicate rise in maximum temperature by between 2.7˚C and 4.0˚C. The temperature projections by the eight GCMs are, however in disagreement with the projections of IPCC which show increases of about 1˚C -2˚C to the 2050s and about 1.5˚C -3˚C for the 2080s [31] in Eastern Africa. The reasons for the disagreement may be due to the scale at which IPCC projections are made vis-a-vis the downscaling procedures used in generating the data used in these analyses. Moreover, rainfall projections for annual and the months of January, February and March (JFM) rainfall show diverse results with increase as well as decrease under different GCMs. The JFM are important in the study area because during the growing season, they span the period from juvenile stages to start of grain filling for sorghum. Results indicate that CANES and IPSL-CM5A-LR are the only GCMs which show that there will be increase in both annual and seasonal rainfall. CSIRO-Mk3 shows the highest decline in JFM rainfall followed by MIROC5, BCC-CSM1, BNU-ESM and IPSL-CM5A-MR. The highest projected annual rainfall decline is shown in MIROC5 followed by CSIRO-Mk3, BCC-CSM1 BNU-ESM and CCSM4. Moore [14] on the contrary, report an increase of 50 to 100 m of mean annual rainfall throughout central Tanzania from 2000-2050 under the SRES A1B scenario climate change projection of CCSM4.
Projections of Sorghum Yields
Simulation results under different GCMs by 2050s under RCP 4.5 are shown in Figure 2 . The simulated grain yields under baseline (1.0 -1.1 t/ha) give realistic estimates of the current grain yields obtained by farmers under normal management practices. The change in sorghum yields under both APSIM and DSSAT reveal consistency only with the four GCMs (CSIRO-MK3.0, IPSL-CM5A-LR, IPSL-CM5A-MR and MIROC5) where a 5% -23% increase in median sorghum yields is predicted. For the three GCMs the two crop models give contrasting results, with the exception of CANESM2 where they both agree that there will be a 2% -5% decline in sorghum yields in the future compared to baseline. For the four GCMs which indicate yield increase, the results are in agreement with IPCCs projections that, change from present to 2080-2099 indicate an 20% -48% increase in sorghum yields in East Africa under projected temperature increase of 3.2˚C and rainfall increase of 7% [32] . However, increase in rainfall amounts projected by GCMs does not match with the increase in simulated grain yields (e.g. CANESM2) (Figure 1 ) in that while an increase in both annual and seasonal rainfall is shown the simulated grain yields are low. A previous study by [33] similarly observed that it is the temporal distribution of rainfall during the cropping season rather than the total amount which determines the productivity and yield of sorghum in the particular season. On the other hand, the relative role of temperature and rainfall in projections of crop yields create a plausible divergence in that the two variables are closely linked and interact and depend on scale and geographical location. For instance, [3] observe that yield changes in arid zones appear to be mainly driven by rainfall changes; in contrast, yield appears proportional to temperature in equatorial and temperate zones. According to [34] significant reduction in sorghum yields would occur when temperatures rise by 4˚C to 7˚C above optimum (32/22˚C) in combination with appreciable reduction in rainfall is attained. Results from the current study are in agreement with previous studies e.g. [35] [36] which show that sorghum yields are -CSM1  BNU-ESM4  CANESM4  CCSM4  CSIRO-MK3  IPSL-CM5A-LR  IPSL-CM5A-MR  MIROC5 Yield (kg/ha) DSSAT APSIM Baseline expected to increase, decrease or remain unchanged under different GCMs, scenarios and locations hence corroborating the intrinsic uncertainty in crop yield predictions using the current methodologies. These studies show a wide range of possible impacts of climate change on sorghum in different locations, ranging from negative to positive, highlighting the need for location-specific studies to inform decision making and policy to manage risks and vulnerability associated with impacts of climate change.
Crop Cultivar Selection
Choice of cultivar (short versus long duration) as adaptation options, were tested through adjustment of the genetic coefficients in DSSAT, and results of simulations are shown in Table 7 . Results indicate that increasing the duration of growth of cultivar in the field give increased yields. This is the current situation with the local photoperiod sensitive cultivars which smallholder farmers continue to grow. Similarly, increasing the thermal time accumulation from grain filling period to maturity, give positive results though with lower magnitude compared to increased duration. Results reported by [37] show that the photoperiod-sensitive traditional cultivars of millet and sorghum that have been used by local farmers for centuries may be more resilient to future climate conditions than modern cultivars bred for their high yield potential. Their results corroborate those from [38] who propose the reinserting of photoperiod sensitivity back into modern sorghum cultivars in order to give farmers more flexibility in sowing dates in semi-arid environments where the onset of the rainy season is highly variable. Despite some studies showing that temperature rise will lead to sorghum yield reduction [34] and [39] , future projections in temperatures by the GCMs used in the current study for central Tanzania show that the underlying conditions for yield reduction may not have been attained by the 2050s to cause appreciable yield reductions.
Conclusion
Understanding crop response towards projected changes in climate is required for formulating adaptation strategies and policy. Crop simulation models help to understand crop bio dynamism under changing climatic conditions. The calibration and evaluation of crop models has given more insight into the influence of variability in temperature and rainfall regimes on sorghum in central Tanzania. Considering future climates up to 2050s, productivity of grain sorghum will be diversely affected due to the differences in the GCMs projections in temperature and rainfall. Increase of 5% -23.0% in sorghum yields is projected by both crop models under four GCMs. Contrasting results also have been observed with the other GCMs. The simulation results under adjustment of crop growing duration under future projections show increase of median sorghum yields according to CERES-sorghum model. We conclude that with proper calibrations and evaluations, crop models can reasonably predict future sorghum yields in the study area and other area with similar environments. This study, quantitatively ascertains the current promotion of sorghum production as an appropriate crop to be grown in the study area, instead of the continued reliance on maize as a staple crop which is currently at high risk. Modifying management practices through the deliberate choice between improved cultivars and local landraces can be feasible options depending on GCM for enhancing the adaptive capacity of smallholder farmers in central Tanzania, to ensure increased production of the crop for enhanced food security and livelihoods.
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